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INTRODUCTION 

Reliable performance of advanced, high-strength materials in critical 
applications depends on assuring that each part placed in service satisfies the 
conditions assumed in design and life prediction analyses. Reliability assurance 
requires the availability of nondestructive evaluation (NDE) techniques not 
only for defect detection but also for verification of mechanical strength and 
associated properties. Advanced NDE techniques are needed to confirni that 
metallic, composite, or ceramic parts will not fail under design loads due to 
inadequate or degraded mechanical strength. This calls for NDE techniques that 
arc sensitive to variations in microstructurc, extrinsic properties, and dispersed 
flaw populations that govern the ultimate mechanical performance of a structure. 

In its most general context, nondestructive evaluation is a branch of 
materials science that is concerned with all aspects of the uniformity, quality, 
and serviceability of materials and structures. Therefore, NDE should not be 
defined solely by the current emphasis on the detection of overt flaws (Sharpe, 
1976) . Certainly, it is necessary to employ NDE technology to characterize 
discrete flaws according to their location, size, orientation, and nature. 

This leads to improved assessment of the potential criticality of individual 
flaws. Concurrently, it is necessary to develop NDE techniques for characterizing 
various inherent material properties. In this case, the emphasis is on evaluation 
of microst ructural and morphological factors that ultimately govern mechanical 
strength and d)Tiamic performance. As illustrated in Figure 1, a holistic approach 
combines nondestructive characterization of defects and also material environments 
in which the defects reside. This leads to improved accuracy in predicting 
structural integrity and life upon exposure to service conditions, particularly 
in the presence of discrete flaws. 

The specification of flaw criticality and prediction of safe life depend 
on the assumption of a realistic set of extrinsic properties and conditions, 
such as those listed in Figure 2. Fracture and life prediction analysis models 
invariably presuppose flaw development and propagation in materials with well 
established moduli, ultimate strengths, fracture toughnesses, and fatigue and 
creep properties. It is within tlie province and capability of NDE technology 
to \crify whether or not a structural part possesses the properties 
assumed in design analysis (V'ary, 1980a), Tlicrc arc numerous NDE techniques 
that can be used for material properties characterization (e.g., radiometric, 
electromagnetic, ultrasonic) (McMaster, 1959; Green, 1973; Krautkramcr, 1977; 
Hayward, 1978) . Many of these arc complementary and can be used to extend or 
corroborate measurements by other methods. 



2 


This paper focuses on ultrasonic techniques that have demonstrated potential 
for materials characterization, Tlicse techniques rely on physical acoustic proper- 
ties of materials and the interaction of elastic stress waves with norpholosical 
factors in the ultrasonic regime (Mason, 1958; Kolsky, 1963; Kolsky, 1973), All 
the material properties and conditions listed in Figure 2 are amenable to ultra- 
sonic evaluation to differing degrees (Vary, 1978a; 1980a). The speed of wave 
propagation and energy loss by interaction with material microstructurc and 
geometrical factors underlie ultrasonic determination of material properties. 

M/\TEflIAL STRENGTH MEA£UREf-S:NTS 

Ultrasonic materials characterization may be divided into two major categories. 
The first category pertains to measurements that are related to material strengths, 
e.g., elastic moduli, tensile strength, and fracture toughness. The second 
category pertains to morphology and material conditions that govern strength 
and performance, e.g., microstructure, void content, residual stress, fatigue 
damage. In this and the next section, we will take up these two categories in 
sequence. Selected illustrative cases will be given in an overview of the culpa- 
bilities of ultrasonics for materials characterization. 

Elas tic Moduli. - Measurement of elastic moduli are fundamental to under- 
standing and predicting material behavior, e.g., bending moments, thermal expansion^ 
strain under load, etc. Since they are related to interatomic forces, elastic 
moduli indicate maximum attainable strengths. Elast;.e moduli also appear in 
equations for strain energy release rate and arc related to stress wave propaga- 
tion properties associated with impact shock, crack growth, fracture, etc. 


As a class, brittle materials are particularly amenable to ultrasonic 
determination of clastic moduli. This is typified by ceramics where velocity 
measurements are necessary for determining elastic moduli since other methods 
produce either poor or no results, toreover, moduli of brittle solids are 
easier to determine than either their fracture surface energy or strain energy 
release rate. This is because ceramics and similar brittle solids have small 
strains to fracture in mechanical tests (Wachtman, 1974). 

Krcher, et al. (1977) demonsti'ated the relation of longitudinal and transverse 
velocities to clastic moduli of porous ceramics. Working with brittle graphites 
and sintered tungsten billets, Lockyer and Proudfoot (1967) obtained excellent 
linear relations between longitudinal modulus and destructively determined tensile 
moduli. Similar correlations were obtained by Proudfoot (1970) for a number of 
fiber reinforced composites. Schultz (1971) reported strong correlations among 
flexural modulus, flexural strength, and ultrasonic velocity for fiber composites. 
Good agreement between theory and experimental data relative to the ultrasonic 
moduli and strength were reported by Smith (1972) for carbon fibers and their 
composites. 

In the case of anisotroj)ic materials, ultrasonic measurements of various 
moduli can be an adjunct to strength analyses and theory (Smith, 1972). Given 
an unknown sample, anisotropy, symmetry, homogeneity, degree of misorientat ion , 
and similar morphological factors having a bearing on modulus and hence strength 
variations can be determined ultrasonic velocity measurements. 

Tensile and Shear Strengths. - Magnitudes of elastic constants arc related 
directly to strengths for some classes of brittle materials. Because the tensile 
modulus may be determined from longitudinal and transverse velocities, ultrasonics 
can form the basis for correlations with the tensile strengths of materials such 
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as cone ret o » cast i von , ceramics , am* some compos i t es . 

riie tensile strenj;th of cast iron may be ikHliiccil from longitudinal velofity 
and Urinell liardness measurements (l-elix, Krautkramer, 15)77). Thus, by 

combinitij; two independent nondest ruct i ve measurement s on a finished article, 
an importajit streni^th property may be verified better than by either method alone. 

In filler composite laminates, hot a velocity and attenuation appear important 
in measurin>t shear streiu;th, llayford, et al, (15)77) demonstrated a dependence 
of throujth transmission attenuation on interlaminar shear strenjtth. V;iry and 
bovi/les (15)“'7) found a relation amonj^ interlaminar shear strenp,th, attenuation, and 
velocity. The effect of fiber orientations on elastic properties of fiber 
composites lias been studied by Zurbrick (li)75). Velocity was measured parallel 
to the lamina. iJood correlations were obtained between ilest ruct i vely measured 
tensile strenj^ths .and the ultrasonic modulus for materials raniting from glass/ 
epoxy to lv>ron/alumiiuim fiber composites. 

Tmntlu^oss a nd Yield St re ngth . - Ultrasonic measurements relating to yield 
strength and fracture resistance of structural materials have long been of high 
interest. There are strong incentives for ultrasonic toughness tests. One of 
the major cost drivers in using fracture controlled materials in aircraft is the 
requirement to verify toughness levels of materials at receiving inspection and also 
after any processing that may adversely affect fracture toughness. 

The feasibility of ultrasonic measurement of plane strain fracture toughness 
has been demonstrated for two maraging steels aiul a titanium alloy (Vary, 

15)7S!>) , b.mpirical correlations were found among ultrasonic attenuation factors, 
fracture toughness, and yield strength. The correlations arc indicated in 
l-igurcs 3 and 1. !t ajipears that the essential measurements for deducing both 
fracture roughness and yield strength can he made hy purely ultrasonic methods, 
once calibration curves have been established for a given (polycrystal 1 inel 
ma t e r i a I ( \’a r>* , 1 i) 7 n.a ) . 

Hardness and (Irailients. - Nondcstruct ive measurement of hardness in metals 
is now routinely accomplished l\v mic ro indent at ion methods. Ultrasonic methods 
for the same purpose have been studied as a key to rapid, on-line product 
verification. Tor example, existing ultrasonic velocity correlations witli hardness 
can form the basis for sorting malleable cast iron parts (Tamhurolli and Quaroni, 

1 5 ) 7 : 0 . 


Treatments of steel, such as hardening, annealing, cpienching, and cold 
wo rk i ng , will p reduce a vie f i n i t e change i n ve 1 oc i t y . Hot li ve I oc i t y and at t enual i on 
are generally revlucevl by harvlening, (|uenching, or tempering, e.g., the attenuation 
coefficient v.iries inversely witlv hardness in some steels. Apparently, either 
velocity or attenuation measuroinont s can correlate with the effects of various heat 
treatments (Pa])adakis, 15)70; kraut kr.uner, 15>77). 

Recent stuvlies have focused on hardness gradients assoc ia toil with surface 
treatments. l-lambanl and kambort (15)7(>) vlescribe two ultrasonic velocity methods 
for measurement of the depth of the case hardenevl layer in steel. Ultrasonic 
surface waves appear promising in the mea ‘ i. .*ement of variations with depth of 
properties such as density, case hardeniiv:, mechanical deformation, and gas 
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iUffusidii offi'cts in inolnls. Hardness f.radients in (|iieneh l^ardened steel have 
been shown to correlate with the frequency disjiersion of surface waves (Titimann, 
et al., l‘)7.S; 1974). 

laimna Rond StreiH^tlis. - The use of adhesively bonded structures and lami- 
nated eomjiosites is increasing; in aerospace and other stnutures where hii;h 
streny,th to weiy.ht ratios are rmiiulatory. Kelat ions ainonj; velocity, attenuation, 
and streny,th factors in !>onded and laminar structures are in'inj; explored in 
efforts to evolve ultrasonic methods for predict ini; inter- and intralaminar and 
adhesive bond streni;ths. fhe approaclies include: (i) metal -to-metal adliesive 

I'ond strengths f rom ul t rason ic resonance measurements, (ii) fiber reinforced 
composite laminate st reni;ths from elastic modail i determined by velocity measure- 
ments. 

Evaluation of metal -to-metal adhesive bond strenj;th may be baseil on resonant 
f reejuency in the adhesive layer (Sch I ieke Imann , 197J). Assessments of composite 
laminate and adhesive bond strenj;ths are also beinj; exploreil In/ means of frequency 
spectrum analysis of jnilse echoes returned from bond interfaces (I.loyd, 1974; 

Alers, et al., 1977; I'lynn, 1977). 

An acoustic stimulation method for fiber composite stroni;th evaluation has 
produced correlations with interlaminar shear and tensile strengths for fiber 
composite laminates. Stimulateii acoustic emission sii;nals are analyzed to determine 
a "stress wave factor" (Vary and Bowles, 1979). This factor is a function of 
attenuation, velocity, and resonance in composite laminates. The method j^roduces 
a numerical value that can rank sjiocimen laminates according to ultimate strength 
irrespective of fiber orientation, !*igurc 5 (Vary and I.ark, (1979). Wlu*n combined 
witli velocity measurement s , tb.e stress wave factor can be used for estimating 
interlaminar shear strength of fiber composite laminates, Pigurc b (Vary and 
Bowles, 1977). 


MORPIIOLO(^' MJi/VSURHMliNTS 

Grain size distribution, metallurgical phases, interst itals, anisotropies, 
etc. contribute to material inorjdiology and form the basis for property measurements 
by ultrasonic waves. In addition to revealing morphology, ultrasonic wave 
interactions can also indicate material condition v^iriations due to residual 
stresses, fatigue damage, cold work, thermal shock, creep, etc. 

Mi crost ructurc, (h'ain Size. - The effects of microstructure can be a 
imju'diment to effective flaw ifetoction by ultrasonics. The detection of very 
small critical flaws in many metals is liamperoi! by "grain noise" or !)aekscat t er* 
which can mask flaw indications. I-roin tho pers|u'ctivc of materials characterizations, 
this "noise" can ho useful since it reveals much about material morphology, when, 
analyzcil. Haokscattor signals a ro , for oxainplo, useful for determining t lu' 
cleanliness of steel (i.e., degree of f re<\lom from nonmetal lie inclusions) 

(Sch 1 engermann , 1974) . 

Predictions of material behavior can be based on microst ructura 1 features 
as disclosed by attenuation, ultrasonic sped roscopy , ultrasonic microscopy, and 
acoust ic enissioiu Inferences of material properties and behav'ior have long 
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been made by spcct ro-chem ica I , meta 1 Iop,raphic, and other r.cthods that reveal 
material morphology. Ultrasonics is a nondestructive approach, to this same 
purpose, e.g.. Fay (I97(>) reported the use of an ultrasonic backscatter method 
for determining grain si;e in steel as an effective substitute for metallography 
while eliminating the need for specimen preparation by polishing, etc. 

Systematic studies of the relation of grain size to attenuation coefficients 
have produced a number of empirical grain scattering formulas and tabulations of 
scattering constants. PapaJakis (l‘U)4b; llU>Sa) has developed extensive tabu- 
lations of scattering constants for cubic and polycr)'stal I ine solids. In addition 
to attenuation correlat ions, variations of velocity with grain siic have also 
been found (Papadakis 107(); 19hS). 

Attenuation and velocity can be empirically related to nicrost rue turn 1 changes 
that attend heat treatment and transformations in various steels (Papadakis, 

1964a; 196St»; Noranha, et al., 1973). Acoustic cMaission methods provide an in 
situ approach co studying microst ructura I transformation phenomena (Spcich and 
Schwochle, 197S). The application of attenuation and velocity measurements 
to a variety of austenitic steels produced strong correlations with factors such 
as grain size, precipitates, alloy content, and columnar structuring (Murray, 

1969; Juva and Haarvisto, 1977). 

While the major portion of quantitative evaluations of microst ructurc 
have heretofore utilized velocity and attenuation measurements, some recent work 
has illustrated the utility of ultrasonic microscopy (Szilard and Scruton, 1974; 
Kessler, 1974). Mi crostructiire in amorphous as well as polycrystalline materials 
has been qualitatively characterized with ultrasonic spectroscopy (Ccrickc, 1970; 
Brown, 1973) . 

Density, Porosity, Voids. - The evaluation of ceramic materials of current 
technological importance presents special demands. Micron-size voids and inclusions 
can constitute serious flaws in these ceramics. Micron-size flaws may be rather 
uniformly distributed throughout the bulk of a ceramic article and thus affect 
bulk properties. Ultrasonic methods can be used to determine these bulk property 
variations due to microporosity, inclusions, etc. 

High frequency ultrasonic methods have the potential for verifying low 
density, porosity, and similar microstructural deficiencies in very fine grained 
sintered and reaction-bonded ceramics. Density variations in sintered products 
arc of interest and particularly amenable to ultrasonic assessment. Goldschmidt, 
ct al,, (1977) have found that for porous sintered materials velocity will increase 
with density because the tensile modulus changes more rapidly than density 
itself. An inverse relation of velocity to density cannot be assumed because in 
these materials the tensile modulus itself is a function of density. It is also 
necessary to consider anisotropies due to pore shape. Furthermore, in evaluating 
the strength of porous ceramics, Kreher, ct al., (1977) found that velocity will 
differ with the aspect ratio of elongated voids. 

Microvoids in fiber composites, when exceeding a few percent, arc known to 
be serious strength-reducing factors depending on their size, shape, and distri- 
bution. Correlations among ultrasonic attenuation, microvoid content, and fiber 
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composite inlerlnmiiiar shear streni;th have been demonstrated (Martin, 1977). 

Using throiigh transmission mct^liods, it was shown that increased attenuation 
corresponded to greater void content and lower interlaminar shear strength 
(Stone and Clarke, 197S; Jones and Slone, 1976). 

Stress, Process Condition . - Residual stresses in structures burdened with 
fieavy duty service can pose hazards unless controlled, o.g., railway tracks, 
train wheels, landing gear (ligle ami Bray, 197S). The magnitudes of residual 
stresses can he deduced from ultrasonic velocity measurement s . Velocity measure- 
ments using shear waves polarized in two mutually perpendicular directions 
form the I>asis of the l)i refringence method for residual stress determination 
(Hsu, 1974; llsu and Sackse. 1975). 

In an ultrasonic methoil suggested !>y Williams and Lee (1977), thermal 
acoustic stimulation is used to infer near surface residual stress states. 
Longitudinal velocity changes associated with variations in bulk stress have 
also been proposed for indicating stress states (Noronha, ct al., 1973; 

Takahashi, ct al., 1978). Indeed, velocity change with stress has found a 
practical application in determining bolt tightness (lleyman, 1977). An ultra- 
sonic bolt stress monitor has an advantage over the torque wrench in being 
insensitive to the effects of friction under the bolt head. 

Velocity measurements during sintering of ceramics can serve to follow the 
process of pore formation (Malecki, 1977). Distinct velocity changes observed 
during the process of polymer hardening can be utilized for process control 
(Zacharias, 1970; Malecki, 1977). Controlling the melting process and phase 
formation in metallurgy can he accomplished by monitoring changes in ultrasonic 
velocity or acoustic emission and stopping the process at a critical stage, c.g., • 
during martensite formation (Spcich and I-isher, 1972). 

Damag e , Degradation . - Composites are as a class highly susceptible to damage 
and degradation (Stone, 1978). Strength loss in fiber reinforced plastics can 
follow moisture ingress, for example. Hydrothermal aging (combined effects of high 
moisutre and temperature) of graphite fiber composites has produced strength 
lowering that was detected b) velocity variations (Kaeblc and Dynes, 1977a; 

1977b; Moron, ct al . , 1977). V^clocity variations correlated with interlaminar 
shear strength degradation. 

Harly detection of cyclic fatigue damage in metals has been the object of 
ultrasonic studies. Green (1973b) suggested the simultaneous use of ultrasonic 
attenuation and acoustic emission testing for fatigue damage detection and 
monitoring. Surface wave velocity measurements appear promising for detection and 
prediction of imminent fatigue failure (Martin and Tsang, 1970); Rasmussen, 1962). 
Schultz (1971) proposed a variation of acoustic stimulation for indicating fatigue 
damage in fiber-composites. 

Dislocation mov'ements and collisions, especially in high strength materials, 
arc revealed through acoustic emission monitoring. Acoustic emission studies 
near yield have indicated that emission activity is proj)ort ional to creep-strain. 
The work thus far suggests a potential for acoustic characterization of creep 
damage effects (Liptai, et al., 1971). 
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INDUSTRIAL AI'PUCATIONS 

Miist of the previously ticscrihevl ultrasonic materials characterisation 
methoils are, at present , neither widely applied nor widely accepted in commerce 
and industry. Adaptation to practical uses on actual parts is still emerging from 
the laboratory. There are relatively few exceptions to this in the case of structural 
materials, although rather sophist icat ed equipment is currently used for overt 
defect detection. It should lie nrted, however, that other NDH techniques are 
being used for certain types of property measurements: eddy current for sorting 

metal parts, verifying hardness; X-ray diffraction for residual stress determination; 
radiometry for density and void content measurement; and so forth (McMastcr, 1959; 
Maward, 1978; Sharpe/ et al . , 1975). 

Papadakis (1976) has reviewed some examples of industrial adaptations of 
ultrasonic materials characterization measurements in industry. Probably the 
most frequent use of ultrasound is for velocity measurements of nonstructural 
materials as in monitoring and feedback control of pipeline flow, chemical reactions, 
food processing, etc. (Zacharias, 1970). However, acoustic emission m.onitoring 
of large structures is becoming commonplace (5panncr, 1974). Resonance testing 
is standard in verifying the integrity of adhesively bonded structures (Schl i ckelmann, 
197Z); Norriss, 1974); Leonard and Gardner, 1973). A recent application of attenua- 
tion has been in detecting and controlling mo iqiho logical defects due to various . 
t>"pcs of macro- and microinclusions in heavy machinery, bearing materials, and parts 

made of carbon steels (St. John, 1978; Schl engermann, 1974; Cannella, et al., 

1978). 

An outstanding example of the successful application of computer automated 
ultrasonics to material strength verification in a production environment pertains 
to the fabrication of nodular cast iron ])arts for automotive and construction 
applications. In order to meet stringent safety criteria, this material must 
possess a specific microstructure with respect to the size, shape, and distri- 
bution of contained carbon, i.o., the carbon must be in the form of ’’spherical'* 
nodules as opposeil to flake graphite. Foundry procedures tliat have been established 
to guarantee the proper percentage of nodularity are not foolproof and must be 
supplemented by a nondestructive method of verification. This is accomplished by 
ultrasonic velocity measurements winch correlate strongly both with tensile 
strength and degree of nodularity. The correlation is sufficiently well established 
so that computer automated velocity measurements on castings can confidently 
assure that the critical level of 80 percent nodularity or greater exists. More 
tluin 12 million castings have been tested sat isfactority in this manner (Henderson, 
1976). 


THCHNOLOG^' NEEDS 

To realize universal application in practical situations, ultrasonic NDE 
must advance in several main areas: (i) theory development, (ii) instrumentation, 

(iii) system automation, ( iv) standard i zat ion , and (v) coordination with design. 
These topics are discussed briefly in tlie following paragraphs. 

It is significant that correlations of both attenuation and velocity with 
material strength properties exist. The classical elastic wave model docs 
support the expectation velocity will relate to strength through elastic moduli 
(Green, 1973a; Schreiber, et al., 1973). However, current theory does not 
adequately account for the strong correlations of strength and toughness properties 
witli attenuation. This lack will prol>ably l>e remedied by more detailed studies of 
material behavior that are based on tlynamic ultrasonic wave interaction models 
(Kolsky, 1973; Vary, 1979a; 19S01>). 
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Thorf' is a need for ultrasonic probe systems that can readily adapt to the 
variety of material configurations and surface conditions encountered in real 
structures and components. . Advanced and novel instrumentation approaches will he 
needed to accommodate the probe coupling, transduction, bandwidth, sensitivity, 
and other factors associated with measurement accuracy requirements. This will 
entail more attention than is currently being given to probe construction and 
performance evaluation (Bredael, 1977; Vary, 1980c). 

The successful transfer of ultrasonic techniques to the field will require 
advanced electronic instrumentation in association with computers. The availa- 
bility of microelectronics and high speed computers assures speedy performance 
of complex signal processing steps. This is needed to resolve the often subtle 
ultrasonic propagation variations that accompany significant change in material 
properties, bven for relatively simple velocity measurements, automation is 
necessary, f^fore refined measurements will require use of computer implemented 
Fourier transforms, modulation .analyses, signal deconvolution, etc. (Nev;house 
and Furgason, 1977). 

Another area that merits advancement involves the creation of suitable 
reference standards. Ultrasonic reference blocks that have been available in 
the past have been found inadequate (Sushinski, et al . , 1977). The requirements 
of ultrasonic materials characterization demand an extensive collection of precise 
calibration standards both for instrument calibration and for material property 
certification (Burley, 1977). 

Naturally, the designer is concerned primarily with the various engineering 
factors that will guarantee the integrity of a structure. It is not alv;ays recog- 
nized that the inspcctabil ity of a structure is one of these factors. The appro- 
priate approach would be to design all structures with inspoctabi 1 ity as an 
objective. It should not be assumed that inspection difficulties will always 
vanish by the use of innovative NDF methods. Advanc' . ents in technique precision 
and sensitivity may require design accommodations to uc effective. The incentive 
to make the necessary accommodations is clear; advancements in NDH technology may 
be useless if reasonable provisions for their application are omitted in structural 
design (Vary, 1979c). 

Current and prospective NDE technology can meet the implied requirements only 
if it is an integral part of material development, testing, analysis, and component 
design and fabrication activities. 

The interaction of principal activities is illustrated in Figure 7. Structural 
reliability and economical use of composites will require the close coordination 
of all the disciplines involved: materials development, materials processing, 

engineering design, testing, failure analysis, and nondestructive evaluation. 

CONCLUDINT. RI*M\RKS 

This paper overviewed a potentially broad new area that involves research 
and application of ultrasonic techniques for characterizing structural material 
properties. The emphasis was on techniques that indicate quantitative ultrasonic 
correlations with material strength and morphology relevant to verifying the 
reliability of load hearing structures. It was seen that ultrasonic methods can 
go beyond rrercly searching for overt defects and become viable tools during 
crucial stages in materials development, fabrication, and use. Universal applica- 
tion to practical industrial situations awaits advancements in associated areas 
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such as instrumentation, automation, stan^iardi cation, «and design. In the latter 
ease, the .emphasis would he on accommodations that permit nondestructive methods 
to be used to then fullest capability without compromising material processing, 
fabrication, and design objectives. 
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Fig, 1 Diagram illustrating the relation of defect and material 
characterization to defining I'he integrated effect of the 
material-defect state on structural integrity and life. A 
holistic approach combines nondestructive characterization of 
defects and also the material environments in which the defects 
reside. 
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Fig. 2. Material properties and conditions that can be assessed by 
varioi-s nondestructive ev.ihiation (NDF.) techniques. This 
paper reviews prominent cases of ultrasonic techniques applied 
to material property and condition measurements. 
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Correlation of yield strength with fracture toughness. The 
leftl)aiul graph combines the ultrasonic factor with plane 
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l-ii;. S. Stress wave factor coinjiarcd with ultimate tensile strenj;th 
for i^raplii t e/ojH^xy fiber com))Osite. The ultrasonic stress 
wave factor is a measure of efficiency of strain energy 
ilissipat ion . Tlie ply ;niy,les y,iven are relative to the tensile 
loadinit axis, from Vary aiul lark (l*)?iM. 
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Interaction of principal activities related 
to structural reliability assurance. Diagram 
illustrates the strategic importance of 
each of the activities not only as they 
contribute to structural reliability assur- 
ance but also as they pertain to each other. 
The clockwise cycle indicates how each 
ac t i V i t y fo rms a link in t lie re liability 
assurance chain. 




